The polarization characteristics of nonlinear refraction and nonlinear scattering in several solvents (toluene, o-dichlorobenzene, N, N-dimethylformamide) are studied using the polarized light Z-scan technique with femtosecond laser pulses. For nonlinear refraction, the physical mechanism of the polarization characteristics is that the nonlinear polarization component related to Reχ 3 xyyx could be adjusted by polarization state of incident light in isotropic media. For nonlinear scattering, the polarization characteristic is related to the self-focusing effect, which depends on the nonlinear refractive index and polarization state of incident light. In addition, the values of nonlinear refractive indices and third-order nonlinear susceptibility components are determined for these solvents at the femtosecond time scale. Both nonresonant electronic nonlinearity and fast noninstantaneous nuclear nonlinearity contribute to these values at the pulse width used in the measurements. Also, these nonlinear refractive indices and third-order nonlinear susceptibility components could be used in calculating nonlinear optical parameters of those novel materials that need to be dissolved in these solvents in nonlinear optical measurements.
INTRODUCTION
In the past decades, the polarization characteristics of nonlinear optical properties have been reported in various materials [1] ; these nonlinear optical properties include nonlinear refraction [2, 3] , nonlinear absorption [4] [5] [6] , and nonlinear scattering [7, 8] . In these polarization characteristics measurements, the linearly polarized light was usually used, and circularly polarized light was occasionally used. The materials studied are mostly like crystal, waveguide, optical fiber, and other solid materials [2] [3] [4] [5] [6] [7] [8] . The polarization characteristics of nonlinear optical properties in liquid solvents are rarely studied by using different polarized light (linearly, elliptically, and circularly).
As we know, the nonlinear refraction originates from the nonlinear polarization P, which is related to the field amplitudes by the nonlinear susceptibility tensor [9, 10] . In isotropic media, there are only two independent tensor elements among the 21 nonzero third-order susceptibility tensor elements when the field frequencies are degenerate, i.e., χ 3 xxyy and χ 3 xyyx [9, 10] . The one component in nonlinear polarization P is from the process related to χ 3 xyyx , and the contribution in nonlinear polarization P from this component could be adjusted by the polarization state of the incident beam [9, [11] [12] [13] . Thus, the nonlinear refraction (NLR) of isotropic media depends on the polarization state of the incident beam [9, [11] [12] [13] . Liquid solvent is a type of isotropic material with a high degree of spatial symmetry [9] . The NLR in solvent should be a function of polarization state of incident beam.
Self-focusing is a nonlinear optical process induced by positive NLR of materials exposed to intense electromagnetic radiation [9, [14] [15] [16] . The peak intensity of the self-focused region could keep increasing as the wave travels through the medium, until defocusing effects or medium damage interrupt this process [15, 16] . It is well known that the self-focusing effect changes with the polarization state in isotropic media because the nonlinear refractive index is a function of polarization state [i.e., the anisotropy of Reχ 3 xyyx for different polarized light] [15] [16] [17] [18] . Because of self-focusing effect, both the intensity distribution and the maximum intensity are functions of the polarization state during the light propagating in isotropic media. However, the nonlinear scattering (NLS) and laserinduced damage (LID) greatly relate to the light intensity as reported in [15, [19] [20] [21] [22] [23] [24] [25] [26] [27] . So the NLS in isotropic media should be a function of polarization state too. At present, there is no experimental report on polarization dependence of NLS in solvents.
Toluene, o-dichlorobenzene (ODCB), and N, N-dimethylformamide (DMF) are liquid solvents. In nonlinearity measurements of novel materials, they are widely used as solvents [28] [29] [30] [31] . At present, there are no reports on the polarization characteristics of their nonlinear optical properties. In order to extract accurately nonlinear susceptibility values of the novel materials (dissolved in these solvents) from the NLR signal of the solution, it is necessary to know these nonlinear susceptibility components values for these solvents at first. However, the reports on nonlinear susceptibility component values of these solvents are absent at present.
Here we studied the polarization characteristics of NLR and NLS in the three solvents by using a polarized light Z-scan method with femtosecond (fs) laser pulses (λ 800 nm, τ FWHM 125 fs). Furthermore, the third-order nonlinear susceptibility tensor elements are determined from the nonlinear refractive indices of linearly and circularly polarized light. The purposes of this article are both to experimentally present the polarization characteristic of NLR and NLS in these solvents and to provide the third-order nonlinear susceptibility tensor elements values for them.
EXPERIMENTAL ARRANGEMENT
The experimental setup was the same as the one in [13] . A Tisapphire mode-locked laser system (Spitfire Pro, Spectra Physics) providing 120 fs (FWHM) pulses was used for the light source. The repetition rate was 1 KHz, and the wavelength was 800 nm. The near-Gaussian spatial distribution was produced by a spatial filter placed before the setup. The spatial distribution of the incidence pulses was confirmed by a CCD camera (L230, LBA-USB-L230, Spiricon). The polarization state was changed by rotating a λ ∕4 wave plate, which was placed after a polarizer. The ellipticity of all the elliptically polarized light was set e tan5π ∕36 without special physical aim. We chose this ellipticity because the closed-aperture (CA) Z-scan trace at this polarization state could be easily distinguished from those of linearly and circularly polarized light. After the incident light passed the polarizer and wave plate, the pulse width had been broadened to be ∼125 fs. The laser beam was focused by a 250 mm focal-length lens onto the sample. The beam waist radius of the focused laser beam was determined to be 30 2 μm from a CCD camera (the pulse energy should be attenuated to an extremely low level at this time), and the beam waist radius was confirmed by the fitting quality of CA Z-scan traces shown below (i.e., comparison of x T peak −T valley between theoretical fit and experiment) [32] . The sample was the solvent held in a quartz cell. The reference and transmitted pulse energies were simultaneously measured by two detectors (Ophir). The measurement system was calibrated with ZnSe [open-aperture (OA) Z scan at low intensity] [33, 34] and CS 2 (CA Z scan) [35] [36] [37] , and calibration results of ZnSe and CS 2 are shown in Fig. 1 . The two-photon absorption coefficient β of ZnSe and nonlinear refractive index of CS 2 are in good agreement with those reported in literature [our results, βZnSe 2.5 × 10 −9 cm ∕W, n 2 CS 2 3.0 × 10 −15 cm 2 ∕W]. It is noteworthy that our Zscan experimental system is capable of resolving a normalized transmittance of ∼0.5%. These experiments were carried out at room temperature. Neither linear absorption nor linear scattering was observed in our measurements.
EXPERIMENTAL RESULTS AND DISCUSSION
A. NLR In order to verify that the NLR is a function of the polarization state and obtain the values of Reχ xyyx , the polarized light CA Z-scan measurements were carried out at several field intensities for each solvent. In all the CA Z-scan measurements presented here, we had checked there was no NLS or nonlinear absorption at these input energies by carrying out OA Z-scan measurements at the same input energy. If there were NLS or nonlinear absorption at the input energy, there would be a dip at focus in the OA Z-scan trace. But we had not observed any dips in the corresponding OA Z-scan traces. In addition, when the sample was placed at focus, we had not observed any scattering signal from an infrared viewer at the input energy that is larger than the energy of CA Z-scan measurements but smaller than the energy used in the OA Z-scan measurements presented in the NLR section. We changed the sample for each Z-scan trace measurement (CA and OA) by laterally moving the sample in order to avoid LID of sample and false phenomenon in the measurements.
The linearly polarized light CA Z-scan trace of toluene (in cell) with on-axis peak intensity I 0 380 GW ∕cm 2 is shown in Fig. 2 . Taking into account the NLR signal of the cell, the CA Z-scan measurement of the empty quartz cell was also conducted at each polarization state. As shown in Fig. 2 , although the NLR signal of toluene in the cell is much larger than that of the empty cell, the NLR signal of the empty cell could not be ignored. The nonlinear refractive index n 2;toluene and cell 7.3 × 10 −16 cm 2 ∕W from theoretical fit is in good agreement with others' work [n 2;toluene and cell 1.3 0.6 × 10 −19 m 2 ∕W] [37] . To determine the contribution of the NLR signal of 1 mm thick toluene and the nonlinear refractive index n 2;toluene , the approximate NLR signal of 1 mm thick toluene was obtained by subtracting the NLR signal of the empty cell from that of "toluene and cell" (T solvent 1 T solvent and cell − T cell ). The approximate NLR index n 2;toluene was obtained from a least-square fit of the theoretical equation to the CA Z-scan normalized transmittance T toluene [10, 11] , and the n 2;toluene is determined to be 5.8 × 10 −16 cm 2 ∕W. From  Fig. 2 , we find that the theoretical curves fit the experimental data well. Because the NLR of the front cell wall changed slightly the spatial distribution of the incident beam in 1 mm thick toluene liquid, the obtained n 2;toluene is not exactly true. At this intensity, the CA Z-scan measurements were also carried out by using circularly and elliptically polarized light, and the polarized light CA Z-scan measurements werecarried out at another input energy.
The normalized transmittance curves of toluene (T toluene ) for different polarized light at I 0 321 GW ∕cm 2 are shown in Fig. 3(a) . There is some noise in these experimental data, especially for the circularly polarized light CA Z-scan trace. Clearly, the NLR signal decreases with ellipticity e. These polarized light CA Z-scan experimental data were analyzed using polarized light CA Z-scan theory [11] . The polarized light CA Z-scan theory could fit the experimental data well, and the nonlinear refractive index n 2;toluene could be obtained from fitting [11] . As shown in Fig. 3(a) , the nonlinear refractive index is largest for linearly polarized light (n 2;lin 5.6 × 10 −16 cm 2 ∕W) and smallest for circularly polarized light (n 2;cir 3.3 × 10 −16 cm 2 ∕W). For the linearly polarized light case, there is tiny deviation between experimental data and theoretical fit; the fitting result at this input energy is consistent with that at higher input energy as shown in Fig. 3(b) . So these fitting results could be accepted although tiny deviation does exist.
Furthermore, the approximate values of the real part of the two susceptibility independent components can be calculated and listed in Fig. 3(a) [11] . The intensity and polarization dependence of n 2;toluene is shown in Fig. 3(b) . From the figure, we can find that n 2;toluene decreases with ellipticity and keeps nearly constant for each polarization state in the measured intensity region, which means there is no higher-order NLR in our measurements. The solid lines are constant fitting results, and these fitting results are listed in Table 1 . By combining the constant fitting results of linearly and circularly polarized light cases [9, 11] , the values of Reχ Table 2 .
The NLR of ODCB and DMF had been measured in the same way as toluene. The normalized transmittance curves T solvent are shown in Figs. 4(a) and 5(a) for ODCB and DMF, respectively. By using a similar experimental data analysis method as toluene, the n 2;solvent values could be obtained from fitting and are listed in the two figures. There is little deviation at the peak for the linearly polarized light CA Z-scan trace in ODCB as shown in Fig. 4(a) . It may be from the tiny deviation of aperture center from the optical axis in the measurements. The deviation could not affect greatly the constant fitting results from Fig. 4(b) . The intensity and polarization dependence of n 2;solvent is shown in Figs. 4(b) and 5(b) for ODCB and DMF, respectively. From the dependence of nonlinear refractive index on intensity in ODCB and DMF, no higher-order nonlinearity in measurements could be concluded for the two solvents. The constant fitting results of n 2;solvent for different polarized light are listed in Table 1 . Furthermore, the third-order susceptibility component values of ODCB and DMF could be determined as listed in Table 2 in the same way as toluene.
From these polarized light CA Z-scan transmittance curves of the three solvents, the dependence of NLR on the polarization state of incident light in isotropic media is confirmed again. It is attributed to the ability to adjust the nonlinear polarization component related to Reχ refractive index is a function of polarization state of incident beam [9, 11] . Table 2 . There are both nonresonant electronic nonlinearity and fast noninstantaneous nuclear nonlinearity contributions to these nonlinear susceptibility components in our measurements at the fs time scale [38, 39] .
B. NLS
We used the OA Z-scan method to study qualitatively the polarization characteristics of NLS in these solvents [31] . During the measurements, we could observe the scattering signal by using an infrared viewer (FJW Optical Systems, Find-R-Scope) when the transmittance of sample at focus decreased compared with that far away from focus. No nonlinear absorption signal in these OA Z-scan measurements had been confirmed.
Even at the largest pulse energy used in our measurements, we had not observed any signal of transmittance decreasing in the OA Z-scan trace of the empty quart cell (as shown in Fig. 11 below) or physical damage of the cell after these measurements. The NLS signal presented here should be from solvents. As reported in [27, 40, 41] , the damage threshold of fused silica is larger than 6 × 10 12 W ∕cm 2 at this range of pulse durations. The maximum intensity from simulation is below the damage threshold. So the signal from LID of the cell could be safely ruled out. From forward transmitted light spectra measurements (as shown in Fig. 6 ), the NLS was determined to be stimulated Rayleigh-wing scattering (SRWS) for ODCB and DMF. For toluene, there is stimulated Raman scattering besides the SRWS [9] . The observed SRWS in these solvents is similar to the observed scattering in CS 2 by using picosecond laser pulses [42] .
The polarized light OA Z-scan traces of toluene for different sample lengths are shown in Fig. 7 . From the figure, we find that the Z position Z decrease where the normalized transmittance starts to decrease is getting away from focus when the ellipticity e decreases or the sample length L increases. Because of the decrease of normalized transmittance was from NLS, the position for NLS starting is getting away from focus too. The NLS signal intensity increases with sample length and decreases with ellipticity e.
The polarization dependence of NLS could not originate from the intrinsic response of solvent molecule to polarized light. As shown in Fig. 7 , when the incident light is circularly polarized light, there is no NLS signal for 1 mm thick toluene; however, there is NLS signal for 2 mm thick toluene. If the polarization dependence is really the intrinsic property of molecules to polarized light, there should be no NLS signal for 2 mm thick toluene as in the 1 mm thick toluene case. Also, circularly polarized light could not cause NLS no matter how large the intensity is; however, we observed tiny NLS signal in a circularly polarized light OA Z-scan trace at higher input energy (not shown in figures). During light propagating in the sample, other optical parameters of the pulses were similar for these polarized lights except the polarization state and light intensity. So the polarization dependence should originate from intensity.
We calculate the maximum intensity at the exit face of sample against Z position when the sample is moved along the Z axis by using the following equations [12] :
1 r ∂ ∂r r ∂E a; r; z;t ∂r − 2iκ ∂E a; r; z;t ∂z − κ 2 E a; r;z; t ∈ eff κ 2 0 E a; r; z;t 0;
where ⃗ E is the electric field vector and E and E − are the left-and right-hand circular component of electric field, respectively. ∈ eff 14πχ 1 24π χ 3 xxyy jE j 2 χ 3 xxyy χ 3 xyyx jE ∓ j 2 are the effective susceptibilities. κ n ;0 κ n 0 ω ∕c is the wave vector of the two circular components [9, 12] . In the light propagation simulation based on above equations, the self-focusing effect had been taken into account, but other nonlinear effects had not been taken into account (such as self-phase modulation and NLS, which will reduce the true intensity). We just want to present that the quantitatively self-focusing effect could cause the dependence of the maximum intensity in the sample on the polarization state of incident light; it is suitable to ignore other nonlinear effects [9] . In the simulation, the Crank-Nicolson finitedifference method was used, and the values of χ 3 xxyy and χ 3 xyyx were from Table 2 .
The calculated maximum light intensity at the exit face against sample position Z for different sample length L and polarization state is shown in Fig. 8 . The calculated results are qualitative because the above simulation was completed under the hypothesis of no other nonlinear effects at such large input energy. From the figure, we find that the maximum light intensity at the exit face increases with sample length L and decreases with ellipticity e although the input energy is the same. However, the occurrence of NLS and LID is greatly related to intensity [21] [22] [23] [24] [25] [26] [27] . The dependence of NLS on the polarization state and sample length could be further interpreted as follows. Once light intensity exceeds the intensity threshold of NLS (such as, the intensity indicated by the red horizontal line in Fig. 8 ; the selection of the intensity threshold in Fig. 8 is based on the occurrence of NLS in Fig. 7 for different polarized light), the scattering takes place [21, 22] . At the same input energy and sample length, both the maximum intensity in the sample and the transverse area of intensity exceeding the NLS threshold decrease with ellipticity e. This transverse area determines the amount of liquid molecule for NLS. So the NLS signal intensity decreases with ellipticity e. For the same input energy and ellipticity, the maximum intensity in the sample increases with sample length due to selffocusing effect (as shown in Fig. 8 ). And the amount of liquid molecule for NLS increases with sample length. So the NLS signal intensity increases with sample length. In addition, for the same input energy, the Z position of intensity equals the intensity threshold of NLS (i.e., the Z position corresponding to the intersection of the red line and intensity curve in Fig. 8 ) and is getting away from the focus when the ellipticity e decreases. The Z position for observing NLS is getting away from the focus with the decrease of ellipticity e.
The dependence of NLS signal intensity on polarization in ODCB and DMF had been studied in the same way. The OA Zscan trances with different polarized light are presented in Figs. 9 and 10 for ODCB and DMF, respectively. From these figures, we find that the NLS signal intensity of the two solvents decreases with ellipticity e as in toluene.
The OA Z-scan trace features of ODCB are quite different from those of toluene and DMF. When the sample was transferred from prefocus to focus, the normalized transmittance decreased abruptly from 1. Also, the position (Z decrease ) of starting to decrease was getting away from the focus as ellipticity e decreased. After the sample passing the focus, the transmittance increased while the sample was being moved away from focus. When the sample passed the position −Z decrease , the transmittance was still smaller than 1. Also, a long distance was still needed for the transmittance to return to 1. These transmittance curves of ODCB are unsymmetrical respected to the focus [10] . In addition, the OA Z-scan trace feature greatly depends on scanning direction as shown in Fig. 11 .
As the elliptically polarized light OA Z-scan trace of 2 mm thick ODCB shows in Fig. 9 , when the sample was moved away from focus, the NLS signal existed although the scattering signal intensity was decreasing. The NLS signal could disappear immediately if we move the sample laterally (in the x − y plane, which is perpendicular to the optical axis Z; the movement operation is indicated by the "move sample" arrow in Fig. 9 ; the Z move position for movement operation satisfied jZ decrease − Z focus j < Z move − Z focus ). When we moved the sample laterally, we just changed sample to a fresh one, and the light intensity distribution in the sample had not been changed, but the NLS signal disappeared immediately. In other words, when the sample is placed at the postfocus position (to the focus distance is larger than jZ decrease − Z focus j), there is NLS if the light incidents into the sample that has been irradiated by larger intensity at focus; there is no NLS if the light incidents into the fresh sample. The sample irradiated by larger intensity at focus should be damaged, and the NLS signal is from the damaged sample. The scattering phenomenon from LID has been also observed in other materials [21] . Furthermore, the NLS of ODCB shown in Fig. 9 could be interpreted in the following way: once the intensity exceeds the LID threshold, the sample is damaged, and the NLS takes place. When the sample is moved from prefocus to focus, more and more sample is damaged. At the same time, some damaged sample could be replaced by a new solvent molecule due to molecule flow. However, the fresh molecule was damaged by the laser pulse near the focus, so the NLS signal was enhanced. When the sample was moved away from focus to postfocus, some damaged molecules are replaced Normalized transmittance Fig. 9 . Polarized light OA Z-scan traces of ODCB at 660 nJ input energy for L 1 mm and 2 mm (the position of arrow marked by "Move sample" is where we laterally moved the sample at the plane perpendicular to the light axis). continually by new solvent molecules. The amount of damaged solvent molecules within the light beam decreases, so the NLS signal intensity decreases. However, there was still NLS for ODCB even though the maximum intensity was smaller than the damage threshold. It is attributed to the fact that not all of the damaged molecules within light beam could be replaced by new molecules soon enough. Also, the light beam with intensity lower than the NLS threshold could be scattered by damaged molecules. If we move the sample laterally, the molecular region interacting with the light beam has been changed totally, and the NLS disappears immediately. So the OA Z-scan trace feature should be related to molecule flow rate (i.e., 1/viscosity), and the NLS threshold is related to the LID threshold of solvent molecular.
The NLS in toluene and DMF might be accompanied with optical damage too. The LID has been observed in many dielectric materials at high light field [21] [22] [23] [24] [25] [26] [27] . If the inference that NLS is accompanied with an LID sample in these solvents is true, we could understand why the OA Z-scan trace feature is different for the three solvents. As listed in Table 3 , the viscosity of ODCB is much larger than that of toluene and DMF [43] . More time is needed for the ODCB molecule to be replaced, and the OA Z-scan trace shape should be quite different for ODCB, which has been confirmed by the OA Z-scan measurements of these solvents (comparing Figs. 7, 9, and 10).
Anyway, the NLS in these solvents depends on the polarization state of incident light. Also, the dependence should originate from the polarization characteristics of the selffocusing effect, which relates to polarization characteristics of NLR. The NLS intensity in these solvents could be controlled by changing the polarization state of the incident beam.
CONCLUSIONS
Both NLR and NLS in the three solvents (toluene, ODCB, and DMF) are functions of the polarization state of incident light. The polarization dependences of NLR and NLS originate from the anisotropy of Reχ 3 xyyx for different polarized light. In addition, the values of third-order nonlinear susceptibility tensor elements of the three solvents were determined at the fs time scale. These values could be useful in nonlinear optical parameters measurements of these novel materials dissolved in these solvents. 
